a Objective: To identify novel viral determinants in HIV-1 protease, Gag, and envelope V3 that relate to outcomes to initial protease inhibitor-based antiretroviral therapy.
Introduction
Selective pressures of drug therapy, target cell type, and host immune mechanisms, combined with a rapid rate of error-prone replication, contribute to the evolution of HIV-1 in its host. Genetic diversity is advantageous for continued viral propagation but can elicit a fitness cost, especially if interactions between proteins are essential for function [1, 2] . For example, mutations in Gag cleavage sites compensate for drug-related mutations in protease and modulate protease processing activity and fitness [3] [4] [5] [6] [7] , whereas Gag determinants outside cleavage sites enhance replicative fitness and sensitivity to inhibitors among viruses with drug-resistant protease alleles [8] [9] [10] .
In addition to genotype in HIV-1 Gag and protease, host cell targets contribute to viral fitness [11, 12] . Cellular tropism of HIV-1 is related to coreceptor preference, which is reflected by amino acid characteristics of the envelope V3 loop [13] [14] [15] . Positively charged residues at positions 11 and 25 in V3 are independent predictors of poor immunological response and accelerated mortality [16] . Combination antiretroviral therapies (ARTs), including protease inhibitors, can lead to transient phenotypic shifts from chemokine (C-X-C motif) receptor 4 (CXCR4) (X4) to chemokine receptor 5 (CCR5) (R5) viruses [17] or to suppression of X4 viruses [18] . However, no study has comprehensively related response to combination ART with pretherapy viral genotypes in protease, Gag, and envelope among protease inhibitor-naive individuals.
Therapy response is classified by immune and viral parameters. In our previous study, combination of clinical variables with pretherapy protease, but not reverse transcriptase, genotype predicted response to protease inhibitor combination ART in 75-80% of protease inhibitor-naive individuals who achieved significant CD4 T-cell reconstitution independent of viral suppression [19] . An inability to predict therapy response in all individuals indicated that additional factors contribute to ARTresponses. In the current study, genetic characteristics in envelope V3 and in Gag (p7 NC -p6/p6 Pol , including cleavage sites), combined with protease, were evaluated prior to and during treatment with protease inhibitor-containing ART in a cohort of individuals who developed immune reconstitution, with or without complete suppression of virus replication. The goal was to identify regions in HIV-1 Gag and Env that can serve as genotypic markers for viral response to initial ART.
Methods

Study participants
The study involved a retrospective analysis of archived blood samples from 17 HIV-infected children and adolescents selected from a prospectively accrued study population of 50 protease inhibitor therapy-naive individuals enrolled in a treatment trial to examine viral and immune response to combination ART. The study enrolled between August 1995 and September 2002 with approval by Institutional Review Boards of the Universities of Florida and South Florida. Informed consent was obtained from legal guardians for all children; assent was obtained from children over 7 years of age. Patients were between the ages of 1 and 18 years with a range of CD4 Tcell counts and viral loads more than 3.5 log 10 copies/ml (Table 1) . Therapy included one protease inhibitor [either indinavir (IDV) or ritonavir (RTV)] and two nucleoside reverse transcriptase inhibitors (NRTIs), according to guidelines for treatment of HIV-infected children [20] . Previous exposure to RTI was allowed if the patient was naive to at least one NRTI in the new regimen. Optimal drug dosing was based on pharmacokinetic studies of protease inhibitor in children, and adherence to therapy was confirmed [21, 22] .
Response to therapy
Response following 24 weeks of therapy was determined for each individual based on viral and immune parameters. Immune success was defined as increased CD4 T-cell counts (absolute number and/or percentage) by 24 weeks of therapy as previously described [19, [21] [22] [23] [24] . Viral success was defined by a decline in plasma viral RNA of more than 1.5 log 10 copies/ml during the first 4 weeks of therapy, with sustained suppression at undetectable levels for at least 16 weeks [19] . Detectable viral load following 8 weeks of therapy was defined as viral failure. Viruses unsuppressed by therapy were classified on the basis of replicative fitness in vivo as high fit viruses (viral load decreased <1 log 10 copies/ml at 4 weeks and was !4 log 10 copies/ml) at 24 weeks of therapy) or low fit viruses that failed to meet these criteria [24] . Eleven (22%) individuals who developed immune reconstitution, despite incomplete suppression of viral replication, were compared with six individuals who developed similar CD4 T-cell reconstitution but optimally suppressed viral replication.
AIDS
Amplification, cloning, and sequencing Plasma and peripheral blood mononuclear cells collected at baseline and during combination ART were used to evaluate viral gag, protease, and envelope clonal genotypes. Pretherapy reverse transcriptase genotypes are not predictive of outcome [19] and were not examined in this study. Briefly, the gag-protease region (HIV HXB2 nucleotides 1817-2611) was amplified using first round primers Gag 7 and Pol 4 and second round primers G100 and Pol I [25] . The env gp120 region (HIV HXB2 nucleotides 6516-7332) was amplified using first round primers D1 and 194G and second round primers Env5 and 195C [26] . All reactions used primers and reagents obtained from Invitrogen (Carlsbad, California, USA) and conditions described previously [8, 25, 26] . Following preparation of amplicon libraries, sequences were generated with DYEnamic ET dye terminator cycle sequencing kit and analyzed on a MegaBACE 1000 (GE Healthcare, Chalfont St. Giles, UK) in the Genome Sequencing Core at the University of Florida. Approximately, 1500 sequences were edited, verified, and submitted to GenBank (accession numbers GQ145598 -GQ146432).
Genetic analysis
Net positive charge of Env V3 loops (HIV HXB2 amino acid residues 7110-7217) was calculated for every sequence [13] . Each individual was characterized as having all low charge ( þ4), all high charge (!þ5), or a mixture of low and high charge viruses. Pretherapy amino acid residues in Gag (p2 through p6), p6 Pol , and protease were classified as polymorphic based on differences from HIV HXB2 . Pretherapy protease polymorphisms were categorized as therapy specific or nonspecific, if the amino acid was or was not associated with reduced sensitivity to the administered protease inhibitor [27] . Posttherapy genotypes were compared with baseline within each individual to assess accumulation of mutations.
The best fitting nucleotide substitution model was tested with a hierarchical likelihood ratio test [28] using a neighbor-joining tree with LogDet corrected distances and selected to infer maximum likelihood trees and maximum likelihood-estimated substitution parameters. The heuristic search for the best tree started with a neighbor-joining tree using the tree bisectionreconnection (TBR) branch-swapping algorithm. Calculations were performed with PAUP Ã 4.0b10 (D. L. Swofford, Sinauer Associates, Sunderland, Massachusetts, USA). Neighbor-joining trees were also inferred using maximum likelihood-estimated distances and the best-fitting nucleotide substitution model for each data set. Statistical support for internal branches in the neighbor-joining tree was obtained by bootstrapping (1000 replicates) and with the maximum likelihoodbased zero branch length test for the maximum likelihood tree.
Statistical analysis
Clinical variables among therapy outcome groups were summarized as median and interquartile range. Mutual information (M), calculated for all possible pairwise combinations of variable positions in protease and Gag, was used as a measure of covariation [29] . Because of the sample size, an exact P value, instead of a permutation test, was calculated. Pairs of positions achieving a P value of less than 3 Â 10 À5 were considered significantly covariant [30] .
Comparisons between protease and Gag genotypes with therapy outcome were performed using Fisher's exact test. Comparisons of CD4 cell percentage and V3 charge between viral failure and viral success responses were performed using Wilcoxon rank sum test. Statistical significance was set at P value of less than 0.05. To develop a model with increased predictive value, multivariate analysis included baseline viral load and CD4 cell percentage, pretherapy genotype for protease, the p2/ p7 NC cleavage site, p7 NC , p6, p6
Pol , and envelope V3 charge. Univariate ordinal regression models were used to examine the relationship between each variable and therapy outcome. A receiver operating characteristic (ROC) analysis was performed to determine whether combinations of two or three variables could predict therapy outcome, as described previously [19] . All statistical analyses were performed using Statistical Analysis Software (SAS) software (SAS Institute, Cary, North Carolina, USA).
Results
Immune and viral responses to therapy All individuals displayed similar phase I decline in viremia and CD4 cell percentage rebound at 4 weeks of treatment ( Fig. 1a and b, respectively). Over 24 weeks of therapy, plasma viral levels of less than 400 log 10 copies/ml persisted among viral success individuals (Fig. 1a) but rebounded rapidly by more than 1.4 log 10 copies/ml among viral failure individuals. Independent of viral replication, CD4 cell percentage increased in each individual. CD4 cell rebound was sustained over 24 weeks (Fig. 1b) , and as long as 96 weeks [19] .
Failure to suppress virus replication resulted in two levels of replicative fitness. Viruses that rebounded to pretherapy levels (high fit) emerged in one group of individuals, whereas viruses with diminished replicative capacity (low fit) developed in a second group [24] . High fit posttherapy viruses had less initial decline and greater rebound compared with low fit viruses (Fig. 1c) . Independent of posttherapy viral set point, CD4 T cells increased (Fig. 1d) .
Envelope V3 characteristics CCR5 or CXCR4 coreceptor use is determined primarily, although not exclusively, by amino acid characteristics of envelope V3 domains. V3 net charge less than 5 predicts CCR5 coreceptor use, whereas net charge at least 5 is associated with use of CXCR4 [13, [31] [32] [33] . To assess the relationship between pretherapy envelope genotype and viral outcome, V3 charge for 15 individuals was calculated (Fig. 2) . Viral success response was related to pretherapy V3 charge less than 5 (5/5) and predicted CCR5 coreceptor use, whereas baseline X4-using envelopes, alone or in combination with R5 envelopes, were associated significantly with failure to suppress viral replication, independent of viral fitness (P ¼ 0.04). After 24 weeks of treatment, baseline coreceptor use persisted among all individuals (data not shown).
Divergence of quasispecies and protease inhibitor-associated changes in protease following 24 weeks of antiretroviral therapy To assess the genetic relationship in protease quasispecies between baseline and 24 weeks of therapy, a phylogenetic tree was constructed from protease nucleotide sequences from all individuals (Fig. 3a) . Baseline and 24-week sequences from each individual formed distinct monophyletic branches, thus confirming the integrity of the data set. To investigate the implications of nonsynonymous changes in protease, amino acid polymorphisms among quasispecies in each individual were evaluated. Although a nonspecific V82I polymorphism appeared in one individual, no primary protease resistance mutations were identified prior to therapy (Fig. 3b) . In general, baseline polymorphisms were restricted to amino acid positions 10, 36, 63, or 77; polymorphisms at positions 36 and 77 were mutually exclusive. Pretherapy protease genotype defined by amino acid positions associated with reduced sensitivity to protease inhibitor provided no basis to distinguish therapy response in this cohort.
Following 24 weeks of therapy, baseline protease genotype persisted among viruses in the viral success group, whereas viruses among viral failure individuals accumulated as many as 10 therapy-specific mutations, predicting high level protease inhibitor resistance [27] . Viruses within two individuals (24 and 30) failed to accumulate drug-related changes in protease. High fit viruses developed more new mutations than low fit viruses (median 5 and 3, respectively). Although therapyrelated substitutions were dispersed throughout protease independent of replicative fitness, one therapy-specific mutation at position 90 developed in 50% of individuals with high fit viruses, but in none with low fit viruses, providing some basis for distinction between posttherapy levels of virus replication.
Relationship between pretherapy and posttherapy quasispecies was evaluated by construction of phylogenetic trees. Protease sequences from the majority of viral success individuals formed nonstructured trees, reflecting persistence of infected cells, but essentially no evolution in protease (Fig. 3c, left panel) . In contrast, protease sequences from viral failure individuals formed structured trees with temporal order. Monophyletic clusters of 24-week sequences indicating a genetic bottleneck developed following rebound by either low or high fit viruses (Fig. 3c , center and right panels, respectively). Trees constructed from Gag sequences had structure similar to their respective protease trees (data not shown).
Cleavage site diversity
Protease cleavage sites in Gag can display natural polymorphisms, which can be related to therapy response [6, 25, 34, 35] . In our cohort, all cleavage sites between p17 MA and protease, with one exception, were virtually identical among individuals, indistinguishable from HIV HXB2 , and highly conserved following therapy (data not shown). The p2/p7 NC cleavage site was the most heterogeneous prior to therapy, with viruses from every individual showing amino acid differences from HIV HXB2 (Fig. 4a) [25] . Multiple amino acid positions in p2/p7 NC cleavage sites were related to viral suppression or levels of posttherapy viral fitness. For example, position P2 was more polymorphic among viruses that continued to replicate (55% or 6/11 viral failure response) than viruses that were subsequently suppressed (17% or 1/6 viral success individuals) by ART. Position P4 was polymorphic in only 20% (1/5) of individuals who developed low fit viruses but 67% (4/6) of individuals who developed high fit viruses. The p2/p7 NC cleavage sites remained highly polymorphic with no additional changes accumulating during 24 weeks of therapy (data not shown).
Gag diversity Diversity in p6 and the overlapping p6
Pol reading frame involved length variation, as well as amino acid polymorphisms. Prior to therapy, length variation ranging from three to 15 amino acids appeared within the p6 Pro-Thr-Ala-Pro (PTAP) domains in nearly half (7/17, 41%) of the cohort, independent of outcome (Fig. 4b) . The median number of polymorphisms in baseline p6 was unrelated to viral success or viral failure outcomes (11) but appeared related to posttherapy fitness (high fit, 14; low fit, nine). In contrast, the median number of polymorphisms in p6
Pol appeared related to both viral outcome (viral success, 14; viral failure, 11) and posttherapy fitness (high fit, 14; low fit, 10). Protease inhibitor therapy failed to change amino acid length or significantly increase the number of mutations in p6 or p6
Pol among response groups (data not shown).
In baseline p7 NC , the cysteine and histidine residues of the zinc finger motifs were conserved, but almost half of the remaining amino acid positions, including three positions (384, 398, and 425) at which substitutions can alter protease processing function, were polymorphic (Fig. 4c ) [6, 35] . Although neither the number nor position of pretherapy polymorphisms provided a basis to distinguish subsequent suppression of virus, posttherapy mutations were associated with level of viral replication, as low fit or high fit viruses accumulated mutations at four or 13 position, respectively. Overall, the number of mutations in both protease and p7 NC increased with continued viral replication during therapy.
Covariation between protease and Gag
Covariation, defined as the occurrence of two mutations together at a frequency greater than predicted by chance, can be identified within protease or between protease and Gag cleavage sites without or with therapy [29, 34, [36] [37] [38] [39] . We performed a similar study, but importantly, extended the covariation analysis to assess amino acid residues within protease and regions of Gag outside the cleavage sites. Prior to therapy, position 37 in the hinge region of protease covaried with p7 NC residues 380 (P < 0.00001) and 403 (P < 0.00001), whereas protease residue 13 covaried with p7 NC residue 385 (P ¼ 0.00001) (Fig. 4d) . Following therapy, several drug-associated mutations in protease changed covariation with Gag. For example, protease position 82 and p7 NC amino acid 411 covaried significantly after, but not before, therapy (P < 0.00001). 
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Discussion
Failure to achieve or maintain viral suppression following ART is not uncommon, although many individuals develop immune reconstitution in spite of viral rebound [19, [40] [41] [42] . Improving the likelihood of achieving optimal viral suppression to therapy requires expanding the repertoire of predictors of viral response to therapy. Protease genotype has value for selecting switch therapy and is related in part to response to first treatment [19] . Additional regions of the viral genome reflecting interactions between enzymatic function of protease and substrates in Gag and the host cell milieu in which inhibitors function also provide information. The current study included a cohort of therapy-naive children whose first ART uniformly achieved immune reconstitution based on increased numbers of CD4 T cells and improved immune functions, including enhanced thymic output [23, 24, 43] . The selective pressure of protease inhibitor provides an ideal opportunity to examine HIV-1 evolution because multiple changes are required for development of resistance, and these changes persist over time. Even though the cohort was small, similarity in pretherapy protease genotypes provided increased sensitivity to detect novel determinants outside protease that predicted protease inhibitor therapy outcome and viral fitness. Although the individuals in the cohort were infected by subtype B viruses, naturally occurring polymorphisms appear in Gag and protease regions of non-B HIV-1 subtypes [44] [45] [46] , suggesting implications for our results for other subtypes of HIV-1. Given that protease has a similar mechanism of action and substrate affinities in different subtypes, it is likely that Gag biomarkers may map to the same regions across subtypes [47] . Overall, a relationship between determinants in Gag, whether cleavage site dependent or independent, and therapy outcome provides a rationale to include extended regions of Gag in evaluations of protease genotype in larger studies.
A recent study [24] from our group identified differential fitness of viruses in vivo among individuals whose treatment failed to suppress virus replication. Differences in Gag and protease genotypes between low fit and high fit viruses raise the question of whether a high fit response is determined by time or a separate resistance pathway. For example, over time, low fit viruses could accumulate a methionine at protease amino acid 90 that was present in 50% of high fit viruses, but none of the low fit viruses, and develop increased fitness. Analysis of sequences at later time points in therapy should provide an answer. Sustained immune reconstitution with persistent high replication in the presence of protease inhibitor could indicate modulation of other functions of the virus related to pathogenesis in vivo. Regardless of pathways to fitness, fewer protease mutations in the low fit group compared with the high fit group bring up the issue of whether amino acid changes function to reduce drug susceptibility or to alter fitness [8] .
Amino acid substitutions in Gag accumulate in response to therapy and persist over time, similar to characteristics of drug-related mutations in protease. New insights into the importance of Gag were provided in the covariation analysis. Covariation between amino acid residues could indicate functional interactions. For example, specific amino acids in p7 NC and residues in protease covaried prior to therapy, potentially reflecting interactions that optimize processing at the p2/p7 NC cleavage site. Covariation between protease and p6/p6
Pol (data not shown) suggests that interactions between protease and targets in Gag occur in both cis and trans. It is unlikely that the functional consequences of all covariations between Gag and protease occur simultaneously but more likely occur sequentially during the ordered, stepwise processing of Gag by protease. Importantly, unique covariation developed during therapy, indicating that changes in protease as a result of therapy are strongly associated with changes in Gag.
An association of pretherapy Gag to therapy outcome by multivariate analysis likely has mechanistic explanations.
p7
NC serves multiple functions in virus replication, including RNA binding and virion assembly. Gagprotease is also a functional domain, and variants of p7 NC with limited numbers of amino acid polymorphisms exert a dominant effect on protease processing activity, drug sensitivity, and replicative fitness [6, 35] . In addition, two individuals who failed to suppress viral replication without developing drug-resistant protease genotypes did develop posttherapy substitutions in p6/p6
Pol , suggesting a functional role for p6/p6 Pol in fitness [8] .
The majority of viral failure individuals in our cohort had X4 viruses, frequently in combination with R5 viruses that displayed an ability to infect lymphocytes and macrophages (unpublished data). Although genetic linkage between Env and Gag -protease regions was not specifically examined, the prevalence of virus populations with high charge V3 or drug-resistant protease regions suggests that drug resistance developed in X4 viruses. X4 viruses increase genetic diversity of the quasispecies and may exhibit different drug sensitivity than R5 viruses (Ho et al., manuscript in preparation), implicating the complexity of viral-host cell interactions and effectiveness of antiviral drugs in vivo. Furthermore, data from our lab implicate other regions of envelope, such as V1 and V2, in predicting therapy response (Yin et al., manuscript in preparation).
A comprehensive analysis of genetic determinants in regions of Gag and envelope, in combination with protease, revealed that viral failure with immune reconstitution is a complex phenotype that involves the interaction of viral and host factors. Results from this study demonstrate that in vivo, Gag genotype and V3 charge are clinically relevant biomarkers for therapy outcome.
